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ABSTRACT

THERMODYNAMIC ANALYSIS OF THE APPLICATION OF
THERMAL ENERGY STORAGE TO A COMBINED HEAT AND
POWER PLANT
MAY 2015
BENJAMIN GEORGE MCDANIEL
B.A., HAMPSHIRE COLLEGE, AMHERST MA
M.S.M.E., UNIVERSITY OF MASSACHUSETTS AMHERST

Directed by: Dr. Dragoljub Kosanovic

The main objective of this paper is to show the economic and environmental
benefits that can be attained through the coupling of borehole thermal energy storage
(BTES) and combined heat and power (CHP). The subject of this investigation is the
University of Massachusetts CHP District Heating System. Energy prices are
significantly higher during the winter months due to the limited supply of natural gas.
This dearth not only increases operating costs but also emissions, due to the need to burn
ultra low sulfur diesel (ULSD). The application of a TES system to a CHP plant allows
the plant to deviate from the required thermal load in order to operate in a more
economically and environmentally optimal manner. TES systems are charged by a heat
input when there is excess or inexpensive energy, this heat is then stored and discharged
when it is needed. The scope of this paper is to present a TRNSYS model of a BTES
system that is designed using actual operational data from the campus CHP plant. The
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TRNSYS model predicts that a BTES efficiency of 88% is reached after 4 years of
operation. It is concluded that the application of BTES to CHP enables greater flexibility
in the operation of the CHP plant. Such flexibility can allow the system to produce more
energy in low demand periods. This operational attribute leads to significantly reduced
operating costs and emissions as it enables the replacement of ULSD or liquefied natural
gas (LNG) with natural gas.
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CHAPTER 1
INTRODUCTION
As the global demand for energy continues to rise, it is becoming increasingly
important to find efficient ways to utilize energy and to lessen the use of fossil fuels. It is
projected that the world’s total energy consumption will increase by 71% from 2003 to
2030, with an increase in natural gas and oil consumption of 91.6% and 47.5%,
respectively [1]. This trend presents serious environmental challenges to humanity, as
current greenhouse gas emissions within the atmosphere have reached troubling
concentrations [2]. Thus, if measures are not taken to lessen the production of greenhouse
gas emissions the effects of climate change will be further exacerbated. Through the
production of electricity, and in many other industrial processes, there is a great deal of
waste heat generated. Utilizing this waste heat through the application of combined heat
and power (CHP) can greatly increase the efficiency of a system when compared to
centralized electricity production and independent heat generation [3,4]. The efficiency of
a power producing system can be increased from 35-55% to more than 90% by simply
utilizing waste heat [5,6]. Cogeneration plants produce electricity and thermal energy
simultaneously by utilizing the hot effluent exhaust from a combustion gas turbine (CGT)
to produce steam or hot water. This thermal energy can be then transferred with a district
energy (DE) system to buildings close to the CHP plant. District heating systems using
CHP are particularly popular in Europe, for example, 75% of the district heating energy
in Denmark is generated by cogeneration [7] and in Sweden it is about 30% [6]. Although
the coupling of CHP and DE increases the overall system efficiency, when compared to
centralized power production, there are still economic and environmental shortcomings
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due to the operational limitations of CHP systems and the seasonal variation in fossil fuel
availability. Electricity production is limited by the thermal load and peak periods in the
demand for energy often do not align with supply. These limitations lead to inflated
energy rates and short supplies in the periods of highest demand. One promising method
to mitigate this discrepancy between the supply and demand for energy and to increase
the electrical generation capacity of the CHP system is through the application of thermal
energy storage (TES).
1.1 Thermal Energy Storage & Combined Heat and Power
TES can enable thermal systems to operate at an overall higher effectiveness,
whether it is thermodynamic or economic effectiveness. These systems are often utilized
when the demand for energy is not coincident with the most economically advantageous
supply for energy. Dincer has identified some of the benefits that can be achieved
through the use of TES with CHP plants [8]. Typically, CHP plants are controlled to
match the requirements of the system’s thermal load. TES can allow CHP plants to
diverge operation from the required demand (thermal load) in order to operate in more
favorable ways. This deviation can occur daily, seasonally or both and is aimed at
shifting the purchase of energy to low-cost periods. Additionally, higher efficiencies are
realized for CHP systems when they operate at full load with constant demand [9]. This is
rarely attainable in CHP systems, since thermal loads are seldom constant. However, a
full and constant thermal load can be attained through the use of a properly sized TES
system. The uncoupling of electricity production and heat generation can lead to
considerable savings as it allows more electricity to be produced during peak hours as
well as the potential to offset peak heating loads. In summary, the application of an
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optimal TES system can allow the CHP plant to extend its operating hours leading to
increased energy savings and reduced emissions [10].
1.2 Thermal Energy Storage
Thermal energy storage systems of all types operate on the same basic principle.
Energy is delivered to a storage device for use at a more advantageous time. The main
distinction between systems is the time-scale of storage, working temperature and the
storage medium used. These design parameters are dependent on the requirements of the
thermal system that the storage system is integrated to. Solar thermal power plants
typically require TES systems that are designed for daily cycling and high working
temperatures. Diurnal TES systems allow solar power plants to produce power
continuously, thus countering the intermittency of the solar resource. However, district
heating systems require TES systems with immense storage capacities that cycle daily
and/or seasonally. The complete cycle of a storage system consists of 3 stages: charging,
storing and discharging.
1.3 Sensible Heat Storage
In general, TES systems can be classified into three categories; sensible, latent and
chemical thermal energy storage [11]. Sensible heat is the energy that is absorbed or released
as the temperature in a substance is changed (with no change in phase experience in the
material) [12]. The temperature of a storage medium increases proportionally to the energy
input to the system. The quantity of energy accumulated in a storage medium is dependent on
the specific heat, the mass of the storage medium and the temperature change [13] and can be
expressed as follows:
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=
Q

Tf

mCP dT mC P (T f -Ti )
∫=

(1)

Ti

Where,
Q
Tf
Ti
m
Cp

=
=
=
=
=

Sensible heat stored; J
Final temperature; oC
Initial temperature; oC
Mass of storage medium; kg
Specific heat of the storage medium; J/kg oC

Typical sensible storage materials are liquid (water, oil) and solid (rocks, concrete,
metal). The most common sensible energy storage systems in operation are tank, pit,
borehole and aquifer thermal energy storage.

Figure 1.1 Types of sensible seasonal thermal energy systems
[14]
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1.3.1 Tank Thermal Energy Storage
Tank thermal energy storage (TTES) systems are generally made of reinforced
concrete, with the interior layer lined with stainless steel to create a watertight seal. The
storage medium is typically water because of its high specific heat capacity. These tanks
are insulated and buried underground and working temperatures are in the range of 3090oC [15]. Bauer investigated the performance of German central heating plants with
seasonal energy storage [16]. One of the studied systems was a tank thermal energy
storage (TTES) system in Friedrichshafen, Germany. The tank was made of reinforced
concrete with a storage volume of 12,000m3 (with a height of 20m and diameter of 32m).
The efficiency of this TTES system was found to be 60%. Solar collectors with a solar
fraction of approximately 33% and two condensing gas boilers provide the energy input
to the TTES system.

Figure 1.2 Construction of a tank thermal energy storage system in Munich,
Germany [17]

5

1.3.2 Pit Thermal Energy Storage
A pit thermal energy storage (PTES) system consists of an excavated pit that is
lined with plastic. These systems are generally insulated on the top only, as the losses
from the sides/bottom to the soil are relatively low (temperature dependent). Due to the
low cost of construction when compared to tank storage, PTES storage capacities can be
immense. Dannemand studied a district heating system in the town of Marstal, Denmark
(one of the largest of its kind) that had been coupled with solar thermal collectors, a
biomass boiler, heat pumps and seasonal pit thermal energy system [15]. This system has
a storage volume of 80,000m3 [18] and operates at temperatures in the range of 30-90oC,
with a efficiency of approximately 55% [15].

Figure 1.3 Cross section of the PTES in Marstal [15]
1.3.3 Borehole Thermal Energy Storage
Borehole thermal energy storage (BTES) systems are made up of a sizeable
number of boreholes, where each borehole is typically filled with thermally conductive
bentonite grout and a heat exchange pipe (typically PEX tubing). The ground (soil) is
used as the storage device, where heat is transferred to the ground by circulating water or
propylene glycol through the piping. Typical borehole depths are 20-200 meters, with
operational temperatures in the range of 20-90oC and an efficiency of approximately 4090% [19–21]. Because the specific heat capacity of soil is low, large storage volumes are
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needed. It is important to minimize the surface area as it is directly proportional to
thermal losses. Moreover, since the volume of the system is proportional to the energy
storage capacity it is desired to maximize the volume while minimizing the surface area
within the constraints of the geographic and geotechnical features of the site in order to
find an optimal volume to area ratio [21]. One of the largest systems in Neckarsulm,
Germany has a storage volume of 63,360m3, with 538 boreholes [16]. Sibbitt investigated
the performance of a solar seasonal energy storage system in Alberta, Canada. This
system utilized seasonal borehole thermal energy storage to provide space heating for 52
homes through a district-heating network. The system was designed to provide 90% of
the spacing heating requirements. In this study, Sibbitt compared the actual performance
and operation over 5 years against a TRNSYS model of the system. The outcome of this
study found that the system was able to reach its design target of 90% (space heating
load) over the 5 years of operation. Additionally, TRNSYS accurately predicted the
performance of the BTES system. The actual efficiency of the BTES system after 5 years
of operation was realized at 36% [19].

Figure 1.4 Types of borehole heat exchangers [14]
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1.3.4 Aquifer Thermal Energy Storage
Aquifer thermal energy storage (ATES) systems store heat in ground water
aquifers. Information about the aquifer must be known before this application of TES is
to be considered, as water is typically drawn from one well and discharged into another.
Thus, a drawdown test must be performed to ensure the well is able to replenish itself at
the same rate or faster than it is extracted. The typical operating temperature for this
system is in the range of 5-90oC, with efficiencies up to approximately 87% [3,15,16,22].
These systems are often coupled with heat pumps and used for summertime cooling [15].
However, in Rostock, DE there is an ATES system that is used for space heating, cooling
and preheating hot water. This system is charged with solar thermal collectors and
utilizes a heat pump [16].

Figure 1.5 ATES system [16]
1.4 Latent Heat Storage
Heating a substance until a change in phase is experienced is known as latent
heating. The transition from solid to liquid or liquid to gas is an example of this
transformation. A substance absorbs a great deal of heat to undergo a phase
transformation once the phase change temperature is reached. This is known as the latent
heat of fusion or vaporization [23]. Latent heat storage can be as explained as follows: the
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temperature of a solid material increases proportional to the energy input until its melting
point is reached. At this point energy is added isothermally until the material has
transitioned from solid to liquid. After the once solid material is completely liquid, the
temperature again increases until the liquid transitions to a vapor, where again energy is
added isothermally. The cooling process is the same as the above described heating
process, meaning that stored energy can be extracted isothermally as latent heat [13].
Figure 1.6 below illustrates this process.

Figure 1.6 Temperature increase profile as a function of supplied heat [23]
Latent heat storage is expressed as follows [13]:
=
Q

∫

Tm

Ti

Tf

mCP dT + mam ∆hm + ∫ mCP dT

(2)

Tm

Where,
Q
Tm
Ti
m
am
hm

=
=
=
=
=
=

Heat stored; J
Phase change temperature; oC
Initial temperature; oC
Mass of storage medium; kg
Fraction of material that has experienced transformation; %
Latent heat of fusion; J/kg

9

Cp

=

Specific heat of the storage medium; J/kg oC

It is not possible to store only latent heat, as a temperature increase is required to
reach the change of phase point. Thus, the first term in the expression for latent heating
above is the sensible heat stored as the substance’s temperature is raised from the initial
state to its phase change temperature. The second term reflects the energy stored
throughout the change of phase by the latent heat of the substance, this accumulated
energy is a function of the specific latent heat of the substance, its mass and the
percentage of material that has changed phase [23]. The final term would appear if the
change in phase were complete throughout the material, thus leading to more sensible
heat gain. Typical latent heat storage materials consist of paraffin, salt hydrates (NaNO3,
KNO3, NaNO2, ect) and others salts [12].
1.4.1 Phase Change Material Thermal Energy Storage
The German Aerospace Center (DLR) built a promising phase change material
(PCM) latent storage prototype using sodium nitraite (NaNO3) as the storage medium.
This system is the world’s largest high temperature PCM storage module, at 700kWh,
with 14 tons of NaNO3 and a melting temperature of 306oC [24]. The storage efficiency
for this type of system can be upwards of 91% [25]. This system is pictured in figure 1.7
below.
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Figure 1.7: 700kWh PCM storage module [24]
Laing studied the use of nitrate salts for high temperature latent thermal energy
storage applications. With 4,000 hrs of testing and 172 cycles (with no degradation) the
designed heat transfer rate was achieved. The most economically promising option was a
sandwich concept utilizing fins of graphite or aluminum. A latent heat capacity of
93kWh/m3 at an estimated cost of $9.5/kWh and a melting temperature of 305oC was
achieved using NaNO3 (sodium nitrate). Laing later demonstrated and tested a 700kWh
(14 tons of NaNO3) phase change material (PCM) module that was able of achieving high
discharge/charge rates of 350 kW [25].
Newmarker evaluated the performance of a 100kWh prototype heat exchanger for
PCM thermal energy storage. Using commercially available heat exchanger materials,
Newmarker developed a unique PCM storage module. This prototype used an agitation
mechanism to improve heat transfer during the discharge process. TRNSYS was used to
model the performance of this system, with a calculated round trip efficiency upwards of
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93%. The purpose of this project was to design and validate a PCM storage system at a
prototype level. In order to demonstrate at an industrial scale (800MWh), a PCM storage
module with an efficiency of over 93%. The prototype system did not perform as well as
the model predicted nor did the final cost align with the goals set by the DOE. With 56%
of the costs attributed to the phase change material and 27% of the cost for the heat
exchanger surface. Though the tested performance and estimated cost did not meet DOE
goals in the early stages of its development, with a multiyear RD&D plan it is believed
that costs and performance goals can be met [26].
1.5 Objective of Research
TES systems have greatly developed over the last 40-50 years as industrialized
nations have become increasingly electrified. As Dincer has brought to light, “in many
countries energy is produced and transferred in the form of heat. Thus, the potential for
thermal energy storage warrants investigation in great detail” [8]. The results from the
prior literature have provided sound validation for the following research into the
modeling of a seasonal TES system for the UMass CHP plant. Additionally, it was
observed that there is limited research using actual CHP plant data to model a seasonal
TES system of this scale. Thus, what makes this study unique is that actual operating data
for a year was used from the UMass CHP plant to design and model a TES system. In
summary, the objectives of this research are as follows:
1. Utilize current CHP operating data to asses a proposed operation with TES
2. Design & model the performance of a TES system in TRNSYS
3. Asses the economic and environmental benefits of TES to CHP
4. Investigate system cost and payback
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CHAPTER 2
INTRODUCTION OF CASE STUDY
2.1 The University of Massachusetts Amherst Combined Heat and Power Plant
The University of Massachusetts’s CHP plant has been in operation since 2009
and currently produces approximately 75% of the campus’s power and 100% of the
steam load, representing over 200 campus buildings. Electrical power is produced by a 10
MW combustion gas turbine (CGT), a 2 MW high-pressure steam turbine (HPST) and a 4
MW low-pressure steam turbine (LPST). Steam is produced by a heat recovery steam
generator (HRSG), capable of producing 40,000 pph (unfired) using exhaust heat from
the CGT and up to 100,000 pph by firing its’ duct burners. Additionally, steam is
produced by a high-pressure boiler (HPB) and two low-pressure boilers (LPB), each
capable of producing 125,000 pph. The boilers are used in the fall, winter and spring
months to help provide additional steam capacity to meet the campus load. Steam is
delivered to the campus via two 20-inch main stream transmissions lines, one high
pressure (200 psig) line and one low pressure (20 psig) line. A 13.8 kV bus is used to
connect the plant’s electrical output to the campus. Condensate is returned from the
campus (approximately 65%) to a condensate return storage tank. This tank uses three
250 hp pumps to provide feed water to the boilers and HRSG. Additionally, raw water is
stored in the condensate storage tank to make up for the loss in condensate returned. This
raw water is mixed with the remaining condensate return. In order to prevent corrosion
damage to the system, a de-aerator (DA) is utilized. The DA removes oxygen and other
dissolved gases from the feedwater. This process is accomplished by utilizing steam at 60
psig and 443oF to strip the dissolved gasses from the feedwater and to preheat the
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feedwater to its saturation temperature of 228oF by using a DA pegging steam control
valve. The steam utilized for this process is extracted from the main line at 200 psig and
475oF. The CGT, HRSG, HPB and LPBs can operate on natural gas or ULSD. Natural
gas is utilized throughout the year, although limited supplies in the heating season
necessitate supplementing the fuel requirements of the plant with ULSD and LNG. The
UMass CHP plant has a Supervisory Control and Data Acquisition (SCADA) system,
which is capable of storing and transmitting instantaneous data about the plant’s
operation from 675 points in the system. This data includes, steam flows, fuel flows,
temperature, pressure, power produced and other critical data. Table 2.1 below displays a
component-by-component summary of the current CHP plant operation. Table 2.2 shows
the total steam & electricity generated and the fuel input to the plant. Figure 2.1 shows a
process flow diagram of the plant.
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Table 2.1 Summary of Current CHP Operation

Summary of Current CHP Plant Operation
Current Power Produced
CHP Plant
Component

Power
Produced
(MWh)

Fuel Input

MMBtu
MWh
CGT
68,485
804,108 235,843
HPST
8,473
LPST
12,409
Total
89,367
804,108 235,843
Current Steam Produced
Steam
Fuel Input
CHP Plant
Produced
Component
(lbs)
MMBtu
MWh
HRSG
489,989,002 208,604 61,183
HPB
218,928,324 274,091 80,390
LPB1
165,396,343 195,238 57,263
LPB2
152,190,471 198,406 58,192
Total

1,026,504,140 876,339

257,028

Table 2.2 Summary of Current CHP Steam & Electricity Generation and
Fuel Usages
Summary of CHP Plant Results
Power
Produced
(MWh)
89,367

Steam
Produced
(lbs)

Natural Gas Fuel
Input
MMBtu

MWh

LNG Fuel Input

ULSD Fuel Input

MMBtu

MWh

MMBtu

MWh

158,197

46,399

328,651

96,392

1,026,504,140 1,193,600 350,079
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Figure 2.1 UMASS District Heating Plant Flow Diagram

16

2.2 Hour Profiles of Current Operation
Hourly profiles for the current operation of the UMass CHP district heating plant
are presented in order to create a baseline for current operation. The data shown is for the
2011 operating year from January 1st to December 31st.
2.2.1 Combustion Gas Turbine (CGT) Hourly Profile
In 2011 the CGT was in operation for 7,787 hours and the average power
generated was 8,795 kW. Figure 2.2 shows the power production by the CGT during this
period.
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Figure 2.2 Hourly power produced by the CTG
2.2.2 Heat Recovery Steam Generator (HRSG) Hourly Profile
The HRSG was in operation for 6,469 hours with supplementary firing and 1,318
hours by purely utilizing exhaust gases from the CGT. On average the product mass flow
to the HRSG from the CGT is approximately 43.11 kg/s. Figure 2.3 shows the steam
production by the HRSG during this period.
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Figure 2.3 Hourly steam produced by the HRSG
2.2.3 High Pressure Boiler (HBP) Hourly Profile
During 2011, the HBP was in operation for 4,097 hours. The steam produced by
the HPB contributes to the HRSG steam production at the 600 psig header. Figure 2.4
shows the steam production by the HPB during this period.

Figure 2.4 Hourly steam produced by the HPB
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2.2.4 Low Pressure Boiler 1 (LPB1) Hourly Profile
In 2011 the LPB1 was in operation for 2,993 hours. The steam generated by the
LPB1 contributes to the production of steam at the 200 psig header. Figure 2.5 shows the
steam production by the LPB1 during this period.

Figure 2.5 Hourly steam produced by the LPB1
2.2.5 Low Pressure Boiler 2 (LPB2) Hourly Profile
In 2011 the LPB2 was in operation for 2,850 hours. The steam generated by the
LPB2 also contributes to the production of steam at the 200 psig header. Figure 2.6
shows the steam production by the LPB2 during this period.
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Figure 2.6 Hourly steam produced by the LPB2
2.2.6 High Pressure Steam Turbine (HPST) Hourly Profile
In 2011 the HPST was in use for 7,407 hours. The electricity produced by this
turbine is delivered to the campus via the 13.8 kW bus. Figure 2.7 shows the power
production by the HPST during this period.
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Figure 2.7 Hourly power produced by the HPST
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2.2.7 Low Pressure Steam Turbine (LPST) Hourly Profile
In 2011 the LPST was in use for 7,492 hours. The electricity produced by this
turbine is delivered to the campus via the 13.8 kW bus. Figure 2.8 shows the power
production by the LPST during this period.
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Figure 2.8 Hourly power produced by the LPST
2.3 Proposed Operation
Hourly data from 2011 was used to observe the current operation of the campus
CHP plant in order to help model the proposed operation of the plant with TES. When the
spring semester ends in early May, the thermal load of the campus is reduced and it
increases again as the fall semester begins in September. The average hourly steam
produced by the HRSG for May through September is approximately 60,000 pph. Thus,
there is an opportunity to increase the steam production of the HRSG to 100,000 pph
during this period to accommodate the application of a TES system. Table 2.3 below
shows the cost and fuel usage (both in MMBtu & MWh) for the three fuels used at the
plant from July 2013 to June 2014. The most recent cost and usage data was used rather
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than the data from 2011, as it better represents the marginal cost of fuel at its current
rates.
Table 2.3 Fuel Cost and Usages (2013-2014)
Month

Natural Gas
Cost ($)

Natural Gas Usage
MWh
39,126
35,456
36,766
40,151
44,882
42,440
35,063
39,869

LNG Cost
($)

LNG Usage

MMBtu
$0
0
$0
0
$0
0
$0
0
$465,998
18,760
$1,030,863 47,309
$1,082,689 41,546
$1,078,886 46,705

MWh
0
0
0
0
5,502
13,876
12,185
13,698

ULSD Cost
($)

ULSD Usage

July
August
September
October
November
December
January
February

$1,272,636
$1,110,961
$1,151,994
$1,240,269
$1,470,589
$1,383,342
$1,148,866
$1,306,598

MMBtu
133,400
120,888
125,353
136,895
153,027
144,701
119,549
135,934

MMBtu
$0
0
$0
0
$45,815
1,754
$98,333
3,764
$203,931
7,807
$558,338 21,375
$2,092,689 80,113
$1,041,089 39,856

March

$1,300,617

135,934

39,869

$964,258

49,884

14,631

$429,037

16,425

4,817

April

$1,475,646

150,884

44,254

$318,499

6,701

1,965

$93,604

3,583

1,051

May

$1,194,080

122,219

35,846

$0

0

0

$0

0

0

June
Total

$1,099,135 112,501
$15,154,730 1,591,285

32,996
466,719

$0
$4,941,192

0
210,905

0
61,858

$24,588
941
$4,587,422 175,618

MWh
0
0
514
1,104
2,290
6,269
23,497
11,690

276
51,508

Using the above fuel usage and cost data for the campus CHP plant, it was determined
that the weighted average marginal cost of natural gas, LNG and ULSD are as follows:
Table 2.4 Marginal Fuel Costs
Weighted Average Marginal Cost
($/MMBtu) ($/MWh)
NG
9.52
32.46
LNG
23.43
79.88
ULSD
26.12
89.06

As is illustrated in table 2.4 above, the marginal cost of natural gas is considerably
lower than that of LNG or ULSD. Figure 2.9 below shows the annual fuel usage in terms
of MWh and MMBtu for the three fuels. The shortage of natural gas in the winter months
requires the additional use of LNG and ULSD. This directly increases costs and also
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increases emissions, as burning ULSD produces higher emissions when compared to
natural gas.

Figure 2.9 Annual Fuel Usage

2.4 Natural Gas & Steam Assessment due to Additional HRSG Firing
To determine the additional natural gas needed to operate the HRSG at full
capacity for the charging period, the following expression is used. The fuel energy input
(MMBtu) to the HRSG as a function of steam production is as follows [27]:
•

 0, for 0 < m s ,hrsg <= 40, 000 lb/hr
Fhrsg = 
•
•
 0.001 m s ,hrsg − 36.39, for 40,000 < m s ,hrsg <= 100, 000 lb/hr

(3)

Where,
ms,hrsg
Fhrsg

=
=

Steam flow from HRSG; pph
Fuel input for HRSG; MMBtu

By setting the steam flow to 100,000 pph, it was determined that an additional
141,086,294 lbs of steam will be produced. This requires an additional 232,932 MMBtus
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(68,318 MWh) of natural gas. Using the temperature and pressure at the exit of the
HRSG, it was determined that the average enthalpy is 1369 Btu/lb. This corresponds to
an overall energetic steam input to the system of 193,139 MMBtus (56,647 MWh).
2.5 Selection of TES Technology
Past studies have concluded that the UMass campus has favorable geological
features for a BTES system, as the campus sits on saturated clay and silt with a depth of
more than 100 feet [20]. This clay deposit is a remnant of the glacier Lake Hitchcock,
which was formed over 10,000 years ago. A comprehensive geotechnical and
hydrogeological investigation was conducted to determine if the site was well suited for a
seasonal TES system. These studies concluded that there is a negligible effect on the
energy stored as a result of ground water flow. This is due to the minimal ground water
gradient and the low permeability of the clay [28]. These geological attributes make
BTES highly viable for this site. High ground water flows can have adverse effects on
storage efficiency because convective heat transport losses increase greatly with higher
flows [21]. Additionally, the soil at this location has a relatively high thermal
conductivity of 1.22W/moC which is needed in order to attain the required heat transport
to and from the soil [21,28]. Table 2.5 shows thermal conductivities, volumetric heat
capacities and densities for many different thermal storage materials.
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Table 2.5 Ground Properties [21]

For higher temperature applications where large storage volumes are needed (as in the
coupling of TES and CHP), BTES is one of the lowest in cost per m3 when compared to
other seasonal TES systems of similar a scale [14,21].
2.6 TES Modeling and Design Tool
A transient system simulation tool was chosen to effectively model the thermal
performance of a seasonal BTES system coupled to the campus CHP plant. TRNSYS is

25

an internationally recognized tool developed to simulate solar processes by the Solar
Energy Laboratory at the University of Wisconsin, Madison. TRNSYS is comprised of a
series of subroutines, where the performance of each component in the system is modeled
by a subroutine. There are two main parts to TRNSYS, the kernel and the library of
components. The kernel takes and processes inputs, iteratively solves the system and
determines convergence. The second feature of TRNSYS is a vast library of components,
where each model represents one component in the system. Each model has specific
parameters, inputs and outputs that directly correlate to the physics and performance of
the component [29].
TRNSYS was chosen because it allows for great flexibility and a high level of
transparency when modeling such a complex system. For instance, design parameters for
components in the system may be specified and adjusted.
The modular nature of TRNSYS allows users to easily simulate and add/remove
individual components (e.g., pumps heat exchangers, storage tanks, etc.) to the system.
This allows for immense flexibility in simulating a multitude of control strategies and
system configurations. Additionally, the time step and length of a simulation can be
easily varied which proves helpful for both steady state and transient analysis of a
system. However, the flexibility and transparency of TRNSYS can make multiple runs
for system optimization cumbersome. The modular nature of TRNSYS allows for
realistic simulation of the interconnections of controllers and subsystems in a way that
closely depicts the operation of a physical system. Components in TRNSYS are called
“Types”, where each type has a corresponding number in order to identify and distinguish
it from the multitude of other models.
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2.7 Duct Storage Model Description and Analysis
To simulate a BTES system in TRNSYS the Type557 component is utilized. The
Type557 model in TRNSYS is based on the duct ground heat storage model (DST)
created at the University of Lund [30]. The DST program assumes that the cylindrical
volume of the BTES system is comprised of uniformly spaced U-tube boreholes. The
ground temperature throughout the storage volume is then computed by three solutions:
the global temperature solution, a local heat transfer solution and a steady flux solution.
The variation of temperatures from the center of the storage volume to the surrounding
ground represents the global solution and is solved via the explicit finite difference
method. The thermal processes around each individual U tube represents the local heat
transfer, and this is again solved using the explicit finite difference method. Analytical
solutions are used to obtain the steady flux problem.

Figure 2.10 Schematic and Nomenclature for Borehole and U-Tube [20]
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2.7.1 Numerical Procedure
The numerical DST model uses an explicit finite difference method. The storage
volume simulated is then divided into a two dimensional mesh in the vertical coordinate z
and radial coordinate r. The expressions and descriptions for the DST model in the
following section are based on the descriptions given by Hellstrom [30] and El Hasnaoui
[20]. The following assumptions are made by the model;
i.

Conductive heat transfer is the sole form of heat transfer throughout the
storage volume;

ii.

It is assumed that the boreholes (with outer radius r0 ) make up the pattern of a
equilateral triangle;

iii.

The area of each borehole is π r12 , where the distance between two boreholes
r
is approximately equal to 1 ;
2

iv.

Conductive heat transfer occurs in the area from r0 to r1 ;

v.

The flow of heat to the ground from the piping is a function of the fluid
temperature, the heat transfer properties (of the fluid, piping and ground) and
the ground temperature around the pipe;

vi.

With respect to the central axis of the storage volume, the thermal properties,
the placement of ducts, the storage volume and the temperature fields all show
cylindrical symmetry;

vii.

Thermal properties (heat capacity and thermal conductivity) within the storage
volume are constant;

viii.

All the boreholes receive the same amount of heat and as a result have the
same temperature distributions. This is because all the boreholes are all in
parallel to each other, unless otherwise specified in the set of parameters.

2.7.2 Global Problem
The global solution is a typical heat conduction problem. It encompasses largescale thermal processes. For example, the effect of surface conditions, the interaction
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between the storage volume and the ground surrounding it and the interaction between
individual parts inside the storage volume. The numerical solution of this process is
established on a two-dimensional mesh in the radial and vertical directions. The radial
heat flow component between cell i and cell i-1, is expressed as:
qr (i, j ) =

(Ti −1, j − Ti , j )

(4)

Rr (i, j )

Where,
Rr (i, j ) =

1
2π k

ln

ri
ri −1

(5)

the z-component is given by

qz (i, j ) =

(Ti −1, j − Ti , j )

(6)

Rz (i, j )

Thus, the next temperature for cell (i,j) is determined by:
∆t
T (i, j )t=
T (i, j )t +  qr + qz + qsf 
+∆t
C (i, j )

(7)

Where,
qr

=

contribution of radial heat flow to cell (i,j);

qz

=

contribution of vertical heat flow to cell (i,j);

qsf

=

contribution of steady flux heat flow to cell (i,j);

T (i, j )

=

global temperature of to cell (i,j);

Rr (i, j )

=

thermal resistance between two cells;

=
=

thermal conductivity of ground;
heat capacity of cell (i,j);

=
=

time step;
radial location of the cell from the center of the storage

k
C (i, j )
∆t
r
volume;
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2.7.3 Local Problem
A one-dimensional radial mesh is used to model the temperature distribution
around each tube. This mesh is used to model short-term variations of thermal processes
around each duct. The storage volume is divided into vertical subregions, where the
quantity of subregions is dependent on the change in temperature along the pipe. It is
assumed that the local problem is the same around each pipe in the particular subregion.
Thus, there is a single local problem for each corresponding subregion. The transient
effect is considered negligible in the calculation of the temperature change along the pipe.
The energy balance along the z-axis (depth) of the borehole, from the fluid of
temperature T f , to a local point in the storage region of temperature Ta , is expressed as:
∂T
mC p = h(T f − Ta )
∂z

(8)

Where,

h

=

heat transfer coefficient per unit length between T f and Ta ;

Cp
m

=
=

Specific heat of the fluid;
fluid flow rate;

Equation (7) is then solved using the following expression:

T=
Ta + Ae
f

−

hz
CP m

(9)

Given the following boundary conditions:
i.

At the inlet of the pipe, z = 0 , T f = Tin . Thus, =
A Tin − Ta

ii.

At the exit of the pipe, z = l , T f = Tout .
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Thus, the temperature at the outlet is given as:

Tout =Ta + (Tin − Ta )e
By letting β = e

−

hl
CP m

−

hl
CP m

(10)

, Tout can be rewritten as:

Tout= β Tin + (1 − β )Ta

(11)

Using the above expression, Tout can be determined for each subregion. Furthermore, the
numerical model relates Tin and Tout for a given region r as follows:
r
T=
β Tinr −1 + (1 − β )Tar
out

(12)

The quantity of heat transferred from the fluid to each subregion is calculated as:
=
Q mC p (Tin − Tout )

(13)

2.7.4 Steady Flux Problem
The constant heat injection/extraction from the pipe to the ground that forms a
temperature field around a pipe is the steady flux solution. The steady flux redistributes
heat in the storage as a result of the fluid flow. It is utilized for pulses that vary slowly in
time. The steady flux temperature for region k, around the heat exchanger is given as:

r
h 
 r1 

(14)

 r  1  r2 
r 3
h   =  2  − ln   −
 r1  2  r1 
 r1  4

(15)

(Tgk − Tgk(i , j ) )
T=
sf

r12
2l 2

Where,

The superposition of the global, local and steady flux temperatures are then used
to calculate the temperatures throughout the storage volume [20,30].
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2.8 BTES TRNSYS Model Description
A detailed simulated model was created in TRNSYS to model the performance of
the CHP-BTES system (figure 2). To import hourly steam flow data from the CHP plant
to the BTES system a data reader component (Type9) was utilized. The output steam
flow from this component is connected to the input of the condenser model (Type598),
where heat is transferred to the charging loop during the designated charging period (May
1st- Sept. 30th). The proposed steam flow (excess steam) is a result of running the HRSG
at 100,000 pph for the entire charging period. The flow in the charging loop is controlled
using a proportional controller (Type1669) and a variable speed pump (Type741). The
pump is controlled to follow the incoming steam flow to the condenser, accounting for a
scaling factor in order to keep the loop temperature below 90oC.
This charging flow is then sent to the BTES system (Type557). During charging
hot fluid is circulated through the condenser and injected into the ground via a network of
vertical U-tube heat exchangers. When discharging, heat is extracted from the ground and
delivered to the load. When discharging (Oct 1st- April 30th), a forcing function
(Type14) is employed to change the position of the diverting and mixing valves in order
to engage the discharge pump. The variable speed discharge pump (Type741) is then
used to extract heat from the BTES by circulating fluid to the load. The load is modeled
using a Type682, where a load is simply imposed on the fluid steam to represent the
campus. A proportional controller (Type1669) is utilized to control the discharge pump
and load, where the load and flow are varied based on the outside air temperature. Thus,
as the outside air temperature decreases the imposed load and flow increase. Conversely,
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as the outside air temperature rises the load and flow decrease. An example of this control
strategy is shown in figure 2.11 below.

Figure 2.11 Charge and Discharge Pump Power & Ambient Temperature
The BTES TRNSYS model is shown in figure 2.12, where the charging loop is
designated by red, the discharging loop is designated by blue and the portion of the
system that is shared is shown in teal.
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Figure 2.12 BTES TRNSYS Model
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CHAPTER 3
PRELIMINARY RESULTS
3.1 TRNSYS Multiple Simulations
A multitude of simulations were performed in order to determine an optimal
system configuration. The proposed systems were designed to maintain a charging loop
temperature below <90oC, as operational temperatures above this limit can cause damage
to the plastic U-tubes [21]. The number of boreholes varied from 11,250 to 12,250, in
increments of 250. In order to maintain a loop temperature below the upper bound of
90oC, the rated charging flow for each system size was adjusted. Furthermore, the rated
load was tuned for each system size to ensure a balanced system after steady state
operation is reached; energy into BTES after losses equals energy to load. Numerous
simulations at each increment of system size were performed to obtain a balanced system
at the required temperature. Each simulation was run for a five year span at one hour time
steps in order to attain steady state performance. Depending on the number of boreholes
each five year simulation runs for approximately 10-30 minutes
3.1.1 Selection of TRNSYS Simulation Range
Before deciding on this range of borehole sizing (11,250-12,250), many other
system sizes were tested from 6,000 to 20,000 boreholes. It was found that for systems
smaller than this range, the charging loop temperature rapidly exceeded 90oC during the
charging period. One way to mitigate the rapid temperature rise was to increases the load
and charge loop flow rate. However, this resulted in significant depletion of the storage
system to the point that the minimum ground temperature was lower than the initial
ground temperature before charging. Thus, the ground was unable to heat up over the five
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year simulations. Additionally, the pumping power required for the smaller systems
greatly impacted the overall performance of the system. Thus, it was concluded that the
chosen range demonstrated the highest performance with the most benefit to the campus
building load. This is because low temperature radiators require a minimum of
approximately 40oC to be effective [31]. Conversely, for system sizes larger than this
range, it was found that the minimum ground temperature fell below 40oC, as the
increased storage volume requires more thermal input to heat up to the necessary levels.
Thus, the chosen range of 11,250-12,250 boreholes was selected, as ground temperatures
within this range never fell below 40oC.
3.1.2 TRNSYS Simulation Results for Selected Range
Once a general range for the system size was determined, each 250 borehole
increment required 5-10 simulations to produce a balanced system. Figure 3.1 is an
example of a five year simulation in the TRNSYS plotter. The inlet, outlet and ground
temperatures are plotted on the left axis, and the energy to the BTES system and energy
to the load are plotted on the right axis.
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Figure 3.1 TRNSYS Plotter for 5 Year Simulation at 11,750 Boreholes
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3.2 Results for TRNSYS Multiple Simulations
The following comparative results are from the 5th year of operation for each of
the five system sizes simulated. The following information is shown: the annual ground
temperature, energy input into the BTES system, the energy remaining after losses, the
charge pump power consumption and the BTES system efficiency. It can be seen that as
the number of boreholes increases, the ground temperature decreases. With 11,250
boreholes, the maximum and minimum storage temperatures reached are 72oC and 42oC,
respectively. Conversely, with 12,250 boreholes the maximum and minimum storage
temperatures reached are 68oC and 40oC, respectively. A higher ground temperature is
preferable as it reduces the need for auxiliary heating at the low temperature campus
load.

Figure 3.2 Comparisons of Ground Temperatures
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Figure 3.3 shows the diminishing returns, in terms of heat input, to the BTES for
increments less than 11,750 boreholes. This is due to the significantly higher flow rate
needed to maintain a loop temperature below 90oC. From 12,000 to 11,750 boreholes the
percent energy into the BTES is reduced by 0.53%. However, from 11,750 to 11,500
boreholes the percent decrease is 0.79% and from 11,500 to 11,250 the percent decrease
is 0.94%.

Figure 3.3 Comparison of Energy into the BTES (200 hour period)
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Figure 3.4 shows the BTES energy stored after losses. The results again show the
trend of diminishing performance for increments less than 11,750 boreholes. From
12,000 to 11,750 boreholes the percent of BTES energy remaining is reduced by 0.58%,
from 11,750 to 11,500 boreholes the percent decrease is 0.90% and from 11,500 to
11,250 the percent decrease is 1%.

Figure 3.4 Comparison of BTES Energy Remaining After Losses
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Figure 3.5 shows the pump power over a 200 hour span during the charging
period. A 200 hour time span was chosen as it better illustrates the additional pumping
power required as the system size is reduced. Figure 3.6 shows the total pumping power
for the 5th year of operation. It can be clearly seen that there is a significant increase in
pumping power as the number of boreholes is reduced. From 12,000 to 11,750 boreholes
the pumping power increases by 50%, from 11,750 to 11,500 boreholes the pumping
power increases by 100% and from 11,500 to 11,250 the percent increases by 83%. The
increase in pumping power is due to the need to keep the loop temperature below 90oC.

Figure 3.5 Comparison of Charging Pump Power Consumption (200 hour period)
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Figure 3.6 Comparison of Charging Pump Power Consumption Totals

Figure 3.7 shows the BTES efficiency for each increment of boreholes. Table 3.1
illustrates the change in efficiency for the BTES system. (Note, the definition for the
BTES efficiency is provided in the following chapter.) The results conclude the highest
BTES efficiency is reached at 11,750 boreholes, with a 0.01% decrease in efficiency
observed for each additional increment. Furthermore, there is a 0.13% decrease in BTES
efficiency as the number of boreholes is reduced.
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|Figure 3.7 Comparison of BTES Efficiency
The results from this analysis conclude that as the size of the storage system
decreases, the pumping power required increases and the energy input decreases, and as a
result the system performance drops. In order to maximize the offset to the campus
building load and to reduce capital costs, it is important to choose a system with the
lowest number of boreholes while maintaining high performance. For these reasons, a
system comprised of 11,750 boreholes was chosen as it provides a lower capital cost,
without compromising system performance. Although the larger systems use marginally
less pumping power and deliver slightly more energy to the load, the additional capital
cost incurred for the larger systems doesn’t justify the small increase in performance.
Moreover, though smaller systems are feasible, the precipitous drop in performance for
systems under 11,750 boreholes doesn’t substantiate the capital cost savings.
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CHAPTER 4
RESULTS AND DISCUSSION
The UMass CHP plant has a SCADA system, which is capable of storing and
transmitting instantaneous data about the plant’s operation from 675 points in the system.
This data includes, steam flows, fuel flows, temperature, pressure, power produced, and
other critical data. Hourly data from 2011 was used to observe the current operation of
the campus CHP plant in order to help model the proposed operation of the plant with
BTES. When the spring semester ends in early May, the thermal load of the campus is
reduced and it increases again as the fall semester begins in September. The average
hourly steam produced by the HRSG for May through September is approximately
60,000 pph. Thus, there is an opportunity to increase the steam production of the HRSG
to 100,000 pph during this period to accommodate the application of a BTES system. By
setting the steam flow to 100,000 pph, it was determined that an additional 141,086,294
lbs of steam will be produced. This requires an additional 232,932 MMBtus (68,318
MWh) of natural gas. Using the temperature and pressure at the exit of the HRSG, it was
determined that the average enthalpy is 1369 Btu/lb. This corresponds to an overall
energetic steam input to the system of 193,139 MMBtus (56,647 MWh). A BTES system
comprised of 11,750 boreholes was designed and simulated in TRNSYS, utilizing the
proposed operational data of the CHP plant. The results from this assessment are
presented in this chapter.
A summary of the current and proposed operation (with TES charging) is given in
tables 4.1 & 4.2. Table 4.1 assumes that the thermal energy storage is used solely to
offset ULSD. Table 4.2 assumes that the thermal energy stored is used to offset LNG.
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Table 4.1 Current & Proposed CHP Plant Operation (ULSD Reduction)
Summary of Results (ULSD Offset)
Power
Produced
(MWh)
Current
Operation
Proposed
Operation
Increase (+)
Decrease (-)

Steam
Produced
(lbs)

Natural Gas Fuel
Input
MMBtu

MWh

LNG Fuel Input

ULSD Fuel Input

MMBtu

MWh

MMBtu

MWh

89,367

1,026,504,140 1,193,600 350,079

158,197

46,399

328,651

96,392

97,880

1,167,590,434 1,426,531 418,398

158,197

46,399

178,404

52,325

0

0

-150,247

-44,067

8,513

141,086,294

232,932

68,318

Table 4.2 Current & Proposed CHP Plant Operation (LNG Reduction)
Summary of Results (LNG Offset)
Power
Produced
(MWh)
Current
Operation
Proposed
Operation
Increase (+)
Decrease (-)

Steam
Produced
(lbs)

Natural Gas Fuel
Input
MMBtu

MWh

LNG Fuel Input

ULSD Fuel Input

MMBtu

MWh

MMBtu

MWh

89,367

1,026,504,140 1,193,600 350,079

158,197

46,399

328,651

96,392

97,880

1,167,590,434 1,426,531 418,398

6,525

1,914

328,651

96,392

-151,672

-44,485

0

0

8,513

141,086,294

232,932

68,318

4.1 BTES & System Efficiency
The overall BTES efficiency is defined as the energy recovered divided by the
energy input and is as follows [8]:

η BTES =

Energy Recovered
Energy to Load
=
Energy Input
Energy into BTES

(16)

Additionally, it is vital to determine the effect that the TES system has on the overall
efficiency of the CHP plant. Past research on the UMass CHP plant has concluded that
the overall plant efficiency is 73%. Where the overall CHP plant efficiency (ηCHP) is
defined as follows [27]:
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ηCHP =

P total + ∆ Qs

(17)

Q fuel ,in
Where,
Qfuel,in
Ptotal
ΔQs

=
=
=

Fuel input to the plant in the form of thermal energy
Total energy produced by the plant
Total thermal energy gain of steam delivered to the campus

By using the prior expression, the effect that the TES system has on the efficiency of the
CHP plant can be calculated as follows:

ηCHP =

P total + ∆P + ∆ Qs

(18)

Q fuel ,in + ∆Q fuel ,in

Where,

ΔP
ΔQfuel,in

=
=

Additional power produced by the HPST & LPST
Additional fuel input for TES charging

It was determined that the addition of a TES system reduces the CHP plant efficiency by
0.7% resulting in an overall plant efficiency of 72.3%.

4.2 BTES System Performance
The TRNSYS simulation was performed for a five year period in one hour time
steps. The BTES utilizes 11,750 single U-tube heat exchangers at a depth of 30m for an
approximate storage volume of 1,477,000 m3. The simulation was run for five years in
order to observe how the performance changed over time and to allow the system to
reach steady state operation. It is expected that 80% of the steady state efficiency values

46

will be obtained after approximately three years of operation [21]. At the fifth year of
operation the maximum ground temperature and charging fluid inlet and outlet
temperatures were found to remain constant at 70oC, 90oC and 86oC, respectively. See
figure 4.1 below.

Figure 4.1 Year 5 Ground, Inlet & Outlet Temperatures
The following figures show the performance of the system over a year. Figure 4.2 shows
the energy injection during the charging period and energy extraction during the
discharging period. Figure 4.3 shows the charge and discharge pump power, as well as
the ground and ambient temperatures for the 5th year of operation.
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Figure 4.2 Year 5 BTES Energy Injection/Extraction
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Figure 4.3 Charge and Discharge Pump Power, Ambient and Ground Temperatures
The summary of the system performance as presented in Table 4.3 is separated
into four categories: a summary of the BTES system, the distribution system (charge and
discharge pumps), the steam turbines and a system energy balance. It is shown that after
the third year the system begins to approach its steady state average ground temperature
of approximately 56oC and after the fourth year of operation the BTES system efficiency
remains constant at 88%. The model predicts that as the temperature of the soil increases,
the BTES efficiency increases from 15% to 88%.
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Table 4.3 System Performance Summary

Heat Flow Summary
Year of Operation

1

2
BTES System
44,034
42,896
3,784
5,666

3

4

5

41,916
6,838

41,937
5,688

41,919
5,194

Total

40,250

37,230

35,078

36,248

36,725

ηBTES

15%

44%

64%

88%

88%

Taverage (oC)

27

43

55

56

56

Tmax (oC)

44

58

70

70

70

Tmin (oC)

13

28

41

41

41

Energy into BTES (MWh)
BTES Losses (MWh)

Distribution Pumps
PCharge (MWh)

280

280

280

280

280

PDischarge (MWh)

91

261

371

506

506

Total

371

540

651

785

785

2,721
5,792
8,513

2,721
5,792
8,513

PHPST (MWh)
PLPST (MWh)
Total

Steam Turbine Analysis
2,721
2,721
2,721
5,792
5,792
5,792
8,513
8,513
8,513

Out

In

System Energy Balance
Steam Energy Into
System (MWh)
Steam Turbine Power
(MWh)
BTES Losses (MWh)
Energy to Load (MWh)
Condensate Return
Energy (MWh)
Energy Balance (MWh)

56,647

56,647

56,647

56,647

56,647

-8,513

-8,513

-8,513

-8,513

-8,513

-3,784

-5,666

-6,838

-5,688

-5,194

-6,608

-18,942

-26,955

-36,738

-36,738

-4,220

-5,283

-6,207

-6,184

-6,202

33,522

18,243

8,134

-476

0
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As the steam flow during the charging period is increased to accommodate the
charging of the BTES, additional electricity is produced by the HPST and LPST. These
turbines were modeled in TRNSYS using flow following turbine (Type592) and the
generators were modeled using a Type599. Where the maximum power produced from
the HPST and LPST is limited to 2 MW and 4 MW, respectively. The additional steam
flow in the summer months enables these turbines to produce on addition 8,513 MWh
combined. This increased generation of onsite power by the CHP plant directly
corresponds to a reduction in power purchased from the grid. This offset results in an
annual reduction of CO2, NOx and SO2 emissions by 3,900,057 kg, 2,201 kg and 4,826,
respectively. Note, more information on emission factors is provided in appendix D.

Figure 4.4. HPST & LPST TRNSYS Model
4.3 Economics & Emissions Results (ULSD)
A summary of the system economics and change in emissions for a five year span
is presented. The energy to the load represents the energy discharged from the storage
system that is used to offset campus heating. The boiler energy offset represents the
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equivalent boiler fuel input needed to generate the energy to the load. It is expressed as
follows:

QBoiler , Oil =

QLoad

(20)

η Boiler , Oil

Where,
QBoiler,Oil
QLoad

ηBoiler,Oil

=
=
=

Boiler fuel input; MWh
Energy to load; MWh
Average boiler efficiency when using oil; 83.4%

ACRULSD, represents the annual cost reduction of ULSD as a result of the energy
offset by the BTES system. Due to the reduced thermal load in the summer months, the
campus is typically forced to purchase electricity at $0.15/kWh. However, the application
of BTES and the resultant increased thermal load allows the campus to produce more
energy during the summer months at a rate of $0.055/kWh. Thus, ACRElec., represents the
annual cost reduction of electricity due to the lower cost of CHP electricity generation.
This corresponds to a savings of $0.085 for every kWh generated. The increased
production of steam during the charging period by the HRSG increases the amount of
natural gas used. ACING, represents the annual cost increase due to this increase in natural
gas usage. ACS, represents the difference between the annual cost reductions and annual
cost increase. Furthermore, the offset of ULSD usage with natural gas allows for a
change of emissions produced. APR, represents the annual pollutant reduction (-) or
increase (+) as a result of this offset. Emission pollutant factors for natural gas and ULSD
are presented in table 4.4 below.
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Table 4.4 Emission Factors for Natural Gas & ULSD
Emission
Factor for
Pollutant

Natural Gas

ULSD

lb/MMBtu

kg/MWh

lb/MMBtu

kg/MWh

EFCO2

131.70

203.68

159.23

246.25

EFNOx

0.108

0.167

0.129

0.200

EFSO2

0.00068

0.00105

0.00051

0.00079

The economic cost savings, as presented in table 4.5, show that once the BTES has
reached steady state operation (year 4) an annual cost savings of $2,430,343 is achieved,
leading to an 8% reduction in total campus utility expenditures. Furthermore, annual CO2
and SO2 emissions are reduced by 836,700 kg and 4,790 kg, respectively, while annual
NOx emissions increase by 418 kg.
Table 4.5 Annual ULSD Cost Savings and Emissions Change
Year of
Operation
1
2
3
4
5

ηBTES

Energy
to Load
(MWh)

Boiler
Energy
ACRULSD ($) ACRElec. ($)
Offset
(MWh)

ACING ($)

ACS ($)

15%
44%
64%
88%
88%

6,608
18,942
26,955
36,738
36,738

7,926
22,720
32,332
44,067
44,067

$2,217,900
$2,217,900
$2,217,900
$2,217,900
$2,217,900

-$788,409
$529,203
$1,385,219
$2,430,343
$2,430,343

$705,892
$2,023,503
$2,879,519
$3,924,643
$3,924,643

$723,600
$723,600
$723,600
$723,600
$723,600

APRCO2 (kg) APRNOx (kg) APRSO2 (kg)
8,063,071
4,419,907
2,053,042
-836,700
-836,700

7,629
4,677
2,760
418
418

% Reduction
Of Total
Utility Bills

-4,761
-4,773
-4,780
-4,790
-4,790

-2.6%
1.7%
4.6%
8.0%
8.0%

4.4 Economics & Emissions Results (LNG)
A second summary of the system economics over a five year span is presented.
This summary examines offsetting LNG in the winter months instead of ULSD. The
energy to the load represents the energy discharged from the storage system that is used
to offset campus heating. The boiler energy offset represents the equivalent boiler fuel
input needed to generate the energy to the load. It is expressed as follows:

53

QBoiler , Gas =

QLoad

(21)

η Boiler , Gas

Where,
QBoiler,Gas
QLoad

ηBoiler,Gas

=
=
=

Boiler fuel input; MWh
Energy to load; MWh
Average boiler efficiency when using gas; 82.6%

ACRLNG, represents the annual cost reduction of LNG as a result of the energy
offset by the BTES system.
Table 4.6 Annual LNG Cost Savings
Year of
Operation
1
2
3
4
5

ηBTES

Energy
to Load
(MWh)

Boiler
Energy
Offset
(MWh)

ACRLNG ($) ACRElec. ($)

ACING ($)

15%
44%
64%
88%
88%

6,608
18,942
26,955
36,738
36,738

8,001
22,936
32,639
44,485
44,485

$639,135
$1,832,139
$2,607,202
$3,553,487
$3,553,487

$2,217,900 -$855,165
$2,217,900 $337,839
$2,217,900 $1,112,901
$2,217,900 $2,059,187
$2,217,900 $2,059,187

$723,600
$723,600
$723,600
$723,600
$723,600

ACS ($)

%
Reduction
APRCO2 (kg) APRNOx (kg) APRSO2 (kg)
Of Total
Utility Bills
8,385,177
5,343,254
3,366,999
954,159
954,159

7,873
5,379
3,758
1,780
1,780

-4,763
-4,779
-4,789
-4,802
-4,802

-2.8%
1.1%
3.7%
6.8%
6.8%

The economic cost savings, as presented in table 4.6, show that once the BTES has
reached steady state operation (year 4) an annual cost savings of $2,059,187 is achieved,
leading to a 6.8% reduction in total campus utility expenditures. Furthermore, annual
CO2 and NOx emissions are increased by 954,159 kg and 1,790 kg, respectively, while
annual SO2 emissions decrease by 4,802 kg.
4.5 Discussion and Comparison of Results
Offsetting ULSD instead of LNG leads to an increase in ACS of approximately
$370,000. The increase in annual savings is a result of the lower marginal cost of LNG
($79.88/MWh) when compared to ULSD ($89.06/MWh). The drop in ULSD usage, as
opposed to LNG usage, leads to a reduction in emissions generated as it creates the
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opportunity to offset a higher emissions producing fuel (ULSD) with a lower emissions
producing fuel (natural gas). Furthermore, the plant utilizes selective catalytic reduction
(SCR) to reduce the amount of NOx in exhaust gases. Thus, the overall rise of NOx for
both cases leads to increased costs, as the quantity of reagent needed (typically ammonia
or urea) is increased. In summary, it is concluded that solely offsetting ULSD is
economically and environmentally more beneficial than offsetting LNG.
4.6 System Cost, Simple Payback & Net Present Value (NPV)
The prior assessments have proven that the application of BTES is both
thermodynamically and economically feasible. However, it is also important to look at
the cost, simple payback and NPV of this system in order to better gauge its financial
viability to the campus. The simple payback and NPV are only given for the ULSD case,
as the economic and environmental benefits of offsetting ULSD were greater than that of
LNG. Based on a prior detailed cost assessment conducted at UMass on the installation
of a seasonal BTES system, industry quotes and the scale of this system, it is estimated
that the system will cost approximately $18.5/m3 [32]. The distribution of system costs is
separated into three parts: the BTES system, the distribution system and the mechanical
system. A summary of system costs and paybacks is shown in table 4.7.
Table 4.7 ACS, Estimated System Cost and Simple Payback
Fuel to
Be Offset

ACS ($)

ULSD

$2,430,343

BTES System Distribution
Mechanical
Total System Simple
Cost ($)
System Cost ($) System Cost ($)
Cost ($)
Payback
$9,576,250

$9,418,633

$8,338,888

$27,333,771

11

The simple payback for offsetting ULSD was found to be approximately 11 years.
It is important to also consider the NPV of the investment as the simple payback does not
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account for inflation. Thus, the present value of a future annual cost savings (cash flow)
is neglected. This makes it difficult to compare the viability of this project to that of other
cash flow producing projects. The NPV was calculated utilizing the initial investment
cost of $27,333,711. The discount rate used is 3.1% and is based on the DOE nominal
rate [33]. The time horizon considered is 50 years, as the life expectancy of the U-tube
heat exchangers is approximately 50 years [21]. Additionally, the NPV at time horizons
of 20, 30, & 40 years is also included. The NPV is defined as follows:

t

NPV = - C0 + ∑
t =1

Cn
(1 + r )t

(22)

Where,
C0
Cn
r
t

=
=
=
=

Initial investment
Cash flow at the nth year
Discount rate
time

Using the above expression, the NPV was computed. Table 4.8 shows the NPV at the
differing time horizons.
Table 4.8 NPV
NPV
50 Year
$28,164,032

40 Year
30 Year
20 Year
$22,081,748 $13,827,960 $2,627,394

It was found that the NPV was greater than zero after the 19th year of operation.
This is well within the life expectancy of the system. Furthermore, using the 50 year time
horizon the NPV was found to be $28,164,032. This entails that it has a greater value of
investment when compared to other investment opportunities at the discount rate of 3.1%.
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CHAPTER 5
CONCLUSIONS

5.1 Summary
The scope of this research was to assess the benefits of a seasonal BTES system
for a CHP plant. Benefits were realized by mitigating the high cost of fuel in the winter
months by charging the TES system when fossil fuel costs are low. Using data from the
campus CHP plant and district heating system, a BTES system model was designed using
TRNSYS. This simulation was performed over a five year period in order to observe the
system performance at steady state operation. The simulation showed that the BTES
system could achieve an efficiency of 88% with an offset to campus heating energy of
approximately 36,700 MWh. Furthermore, an additional 8,513 MWh of electricity could
be produced due to the increased thermal load in the summer months. A summary of two
cases was presented, where offsetting ULSD was compared to offsetting LNG. It was
determined that offsetting ULSD is preferable as it allows for higher cost savings and
emissions reductions. The results for offsetting ULSD indicate that the proposed BTES
system achieved an annual cost savings of $2,430,343 for an 8% reduction in total
campus utilities. In additional to the economic benefits, a reduction of 836,700 kg of CO2
and 4,790 kg of SO2 was also realized through this application of TES. Conversely,
offsetting LNG with the thermal energy stored enabled an annual cost savings of
$2,059,187 for a 6.8% reduction in total campus utilities. In all, the application of TES to
CHP proves to be economically and environmentally promising as it enables greater
flexibility in CHP operation. This added flexibility allows for strategic operation of the
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plant, where additional thermal energy can be produced at economically advantageous
times in order to hedge against seasonal variations in fossil fuel rates.
5.2 Recommendations for Future Work
To further improve the performance and flexibility of a TES-CHP system, the use
of latent storage systems should be assessed. Medrano stated that “regarding efficiency,
an essential requirement for thermal storage is to minimize the difference between the
working fluid and the storage medium” [34]. This could be facilitated through the
application of a isothermal storage system, where a promising solution would be the use
of latent heat storage media.
Ibanez has adapted a TRNSYS tank storage component (TYPE 60), to incorporate
phase change materials. The merits of this type of system would allow for tank storage
volumes to be drastically decreased through the use of PCM. This new component is
called TYPE 60PCM and its accuracy was verified through experimentation [35]. The
attributes attained through the coupling of CHP with latent storage warrant further
investigation, as performance can be increased and storage volume can be drastically
reduced. The reduction in storage size is particularly important for CHP systems that
have limited space for storage systems.
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APPENDIX D
EMISSION REDUCTIONS
In addition to a cost savings associated with the implementation of thermal energy
storage, emission reductions will also be seen. Pollutants released through the
combustion of fossil fuels, be it for electricity generation or on-site thermal energy needs,
can adversely impact human health and the environment. It is also possible to derive
financial benefit through the reduction of emissions via government programs, such as
the EPA’s emission trading program.
Criteria Pollutants:
EPA has designated criteria pollutants for which acceptable levels of exposure
have been determined and for which ambient air quality standards have been set. These
criteria pollutants were chosen based upon their potential health and welfare impacts.
Notable criteria pollutants include: NOx, SO2, and Particulate Matter (PM). Definitions
of relevant criteria pollutants, provided by the California Air Resource board, are as
follows:
NOx: A general term pertaining to compounds of nitric oxide (NO), nitrogen dioxide
(NO2), and other oxides of nitrogen. Nitrogen oxides are typically created during
combustion processes, and are major contributors to smog formation and acid deposition
(i.e. acid rain). NO2 may result in numerous adverse health conditions, which include
pulmonary congestion and edema. Chronic exposure may lead to Emphysema.
SO2: A strong smelling, colorless gas that is formed by the combustion of fossil fuels.
Power plants, which may use coal or oil high in sulfur content, can be major sources of
SO2. SO2 and other sulfur oxides contribute to the problem of acid deposition. Acute
health effects include tightness in the chest and coughing.
PM10 and PM2.5: Particulate matter pollution consists of very small liquid and solid
particles floating in the air. Of greatest concern to public health are the particles small
enough to be inhaled and absorbed by the lungs. These particles are less than 10 microns
in diameter and are referred to as PM10. Finer particulate matter is known as PM2.5, and
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refers to particulate matter that is less than 2.5 microns. Particulate matter is a major
component of air pollution that threatens human health and the environment. It can
increase the number and severity of asthma attacks, cause or aggravate bronchitis and
other lung diseases, and reduce the body's ability to fight infections. In addition, PM10 is
often responsible for much of the haze that we think of as smog.
Greenhouse Gases:
A greenhouse gas slows the passage of re-radiated heat through the Earth’s
atmosphere increasing the Earth’s temperature and contributing to global warming. Such
gases include carbon dioxide, methane, chlorofluorocarbons, nitrous oxide, ozone, and
water vapor1. Carbon dioxide (CO2) is the greenhouse gas that is most often associated
with the combustion of fossil fuels and energy generation.
CO2: A colorless, odorless, non-toxic gas that occurs naturally in the Earth's atmosphere
and is produced in large quantities through the combustion of fossil fuels1. It is a leading
contributor to global warming.
Emission Factors:
The emission profile will vary based upon the method used for the generation of
electricity. According to ISO-New England3, the electrical generating capacity in the
New England states, for the year 2011, was met by approximately 50% Gas, 28.2%
Nuclear, 6.5% Coal, 8.1% Hydro, 0.7% Oil, and 6.5% other Renewables. The electric
generation by the different fuel types is shown in Figure E.1
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Electricity Generation by various Fuel types3

The emission factors shown in Table E.1, were taken from the 2011 ISO New
England Electric Generator Air Emissions Report3 and U.S. EPA’s E-GRID2009 Data2.
The emission levels (lb/kWh) were calculated by dividing the state’s annual emission of
each pollutant by the net generation for that state.
Total State Electricity Generation Emission Factors2, 3
CO2 (lb/kWh) NOX (lb/kWh) SO2 (lb/kWh)
Connecticut
Maine
Massachusetts
New Hampshire
New York
Rhode Island
Vermont

0.57900
0.86100
1.01000
0.74800
0.49792
0.94800
0.17900

0.00032
0.00040
0.00057
0.00051
0.00040
0.00016
0.00012

0.00012
0.00024
0.00125
0.00281
0.00098
0.00012
0.00002

In addition, there are emission reductions associated with on-site fuel consumption
savings. The emission factors (lb/MMBtu) for Natural Gas, Propane, and Butane, as well
as No. 2 Oil, No. 4 Oil, and No. 6 Oil, are shown in Table E.2.
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Emission Factors for various Fossil Fuel types (lb/MMBtu)2
Natural Gas Propane
Butane
#2 Oil
#4 Oil
#6 Oil
(lb/MMBtu) (lb/MMBtu) (lb/MMBtu) (lb/MMBtu) (lb/MMBtu) (lb/MMBtu)
CO2 (lb/kWh)

131.70

157.42

152.13

159.23

178.57

181.90

NOX (lb/kWh)

0.108

0.205

0.160

0.129

0.143

0.393

SO2 (lb/kWh)

0.00068

0.00000

0.00096

0.00051

1.07100

1.12100

The emission reduction values shown in each AR summary found in the report
were calculated as follows:

AER X = AES × EFX
Where,
AERX =

Emission reduction of pollutant X; lb

AES

=

Energy savings from AR; kWh or MMBtu

EF

=

Emission factor; Table E.1 and Table E.2
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